Introduction
Breast cancer is the deadliest form of cancer affecting women worldwide. Although there are effective therapies against some forms of this tumour, such as those with abnormal activation of the HER2/Neu oncogene, the majority of breast cancers remain incurable, evident from the high mortality among affected women.
The hedgehog (Hh) signalling pathway plays a crucial role in vertebrate embryogenesis by controlling cell fate, patterning, proliferation, survival and differentiation. In the adult organism, Hh signalling remains active and is involved in the regulation of tissue homeostasis, regeneration and stem cell maintenance (reviewed in ref. 1) . Its importance in development and homeostasis is underlined by the fact that inappropriate activation is implicated in the development of several types of cancer, particularly of the skin, brain, lung, prostate and pancreas (reviewed in refs 2,3). Recent studies underline the importance of tightly controlled Hh pathway activation in mammary gland to ensure proper development and avert tumour formation. Nevertheless, the role of this pathway in breast carcinogenesis is far from understood, leaving room for conjecture (4) . Thus far, no pathway has been found to play a definite role in breast cancer induction (5) , suggesting that a network of pathways interact during the development of this disease. In this review, we discuss the different possibilities of how the Hh pathway may be involved as part of this network, in causing or contributing to the development of mammary cancer. (Figure 1 ). The ultimate step in the pathway is mediated by the zinc finger transcription factors Gli1, Gli2 and Gli3, where Gli1 and Gli2 represent the main activators of Hh target genes and Gli3 acts mostly as a repressor (8, 9) .
Gli2 and Gli3 are considered latent transcription factors that can exist both in activator and repressor forms. Upon stimulation of the Hh pathway, Gli2 and Gli3 are activated causing increased transcription of the direct target gene Gli1 (10, 11) . It has therefore been proposed that the final outcome of the Hh pathway depends on the balance between the Gli activator and repressor forms (reviewed in ref. 12) .
The exact mechanism of signal transduction within the cascade from Smo to the Gli proteins is not yet clear, although increasing data suggest that the primary cilium provides a platform for relaying the signal from the cell membrane to the nucleus (reviewed in ref. 13 ). The primary cilia have been proposed to serve as the processing sites for Gli transcription factors, involving a multi-protein complex consisting of a subset of intraflagellar transport proteins, protein kinase A, glycogen synthase kinase 3, casein kinase and others [(14,15) and for detailed review see ref . 16] . It is known that suppressor of fused (Sufu) plays a key role in negatively regulating Hh/Gli signalling (17) , since targeted disruption of the murine Sufu gene leads to neural tube defects, lethality at mid-gestation and altered dorsoventral patterning of the neural tube. This resembles the phenotype caused by an excess of Hh signalling (18) .
Hh signalling in mammary tumours
Alterations in hedgehog pathway genes The possible role for the Hh pathway in development and maintenance of mammary cancer has been proposed only recently, though the data describing the genetic alteration and the modulation of the expression pattern of Hh pathway components in mammary gland are still limited. A contributing factor to the oversight in identifying a role for Hh signalling in breast cancer is the fact that patients with Gorlin's syndrome are not predisposed to breast cancer. A likely interpretation is that the de-regulation of the Hh pathway at the level of PTCH1 in mammary gland may not be the initiating factor for this disease (19) . However, earlier studies on small numbers of breast cancer samples did identify putative activating mutations in SHH and missense mutations in the PTCH1 gene (20, 21 ). Yet, this could not be confirmed in later studies with larger sample sets looking for pathway activating mutations in the PTCH1, SHH and SMO (22, 23) . However, a large screen for genomic mutations revealed that 3 out of 11 breast cancer samples and breast cancer cell lines bear a mutation in GLI1, but the significance of these results is still unclear (24) .
Evidence from a single study, where a biallelic Pro1315Leu (C3944T) polymorphism in PTCH1 significantly lowered the risk of breast cancer in premenopausal women taking oral contraceptives gave rise to an interesting new hypothesis: modulating Hh pathway activity could regulate the response of mammary epithelial cells to hormones, which could in turn influence mammary carcinogenesis. Indeed, Chang-Claude et al. (25) located the C3944T polymorphism to the regulatory C-terminus of the PTCH1 protein, opening up the possibility that hormone-driven Hh expression, in combination with the modulated properties of the PTCH1 receptor, might promote mammary cancer formation. Data linking the Hh pathway to mammary cancer were the occurrence of hyperplasia in mammary glands of virgin Ptch1þ/À mice, which are reminiscent of human ductal carcinoma in situ. These proliferations disappear during pregnancy and reappear during involution, suggesting a direct link between Ptch1-regulated cellular signalling and hormonal status of the organism (26) . This is corroborated by the fact that progesterone and oestrogen induce expression of Ihh in the uterus during pregnancy, arguing in favour of such association (27) .
More evidence that Hh signalling is involved in breast cancer comes from a high-resolution comparative genomic hybridization analysis performed on breast cancer samples and breast cancer cell lines. This revealed a frequent loss of the PTCH1 (9q22.1-q31) chromosomal region and amplification of the GLI1 (12q13.2-q13.3) chromosomal region (28, 29) . Epigenetic mechanisms may provide an alternative mechanism for modulating Hh signalling, hence affecting breast cancer initiation and progression as shown in the MCF7 breast cancer cell line and in a subset of breast cancer samples, where the PTCH1 gene is silenced through promoter methylation (30) . Whether the genetic alterations so far described can cause misexpression of Hh pathway components and de-regulate the pathway activity needs to be further investigated.
The expression of Hh pathway members in breast cancer Mammary cancers arise from the epithelial component of the mammary gland. Normal mammary epithelium is composed of (i) a basal layer of myoepithelial cells (also termed basal cells), which is contractile and required for milk ejection and (ii) an inner layer of luminal cells, which produce the milk during lactation (31) (Figure 2 ). In the normal mammary gland, the basal layer of epithelial cells is situated adjacent to the basement membrane and expresses the cytokeratins K5, K14 and K17, a common characteristic to basal layers of stratified epithelia (32) .
Additionally, these cells express CD10 and smooth muscle actin (Sma), also found in contractile smooth muscle cells, hence the name 'myoepithelium' (33, 34) . Although the expression of these markers generally coincide in normal mammary glands, there is a small population of cells in which SMA and K5 expression do not overlap (35) .
Human breast cancers can be classified as luminal or basal-like tumours, depending on their expression pattern of differentiation markers.
The luminal tumours generally express oestrogen receptor (ER), progesterone receptor and HER2. The basal-like tumours, however, lack ER, progesterone receptor and HER2 and are characterized by K5, K14 and K17 expression. A further subclassification of luminal tumours into luminal A, luminal B (basoluminal) and an intermediary subtype characterized by high HER2 and androgen expression levels is possible, as a result of gene expression profile characterization from large sets of human breast tumours (reviewed in ref. 36 ). The basal tumours have a poor clinical prognosis, partly due to a high metastatic rate.
The expression data of Hh pathway components in tumours are ambiguous. This may be explained by the heterogeneity in genetic characteristics of tumours and the degree of misregulation of other genes and/or proteins. As a reference, normal breast tissue expression levels for the PTCH1 protein are high, whereas other pathway components have low expression; in invasive ductal carcinoma and ductal carcinoma in situ, however, PTCH1 is expressed at lower levels than in the normal breast tissue (30) . In contrast, a different study found positive correlation between increased expression of IHH, PTCH1 and GLI1/2/3 in invasive ductal carcinoma and proliferative index of the cancer, its invasiveness and metastasis (37) . Yet, other data have shown that SHH, DHH and GLI1 are expressed at higher levels in certain breast cancer cell lines and in 30% of cancer samples when compared with normal mammary epithelial cells or epithelial tissue (30, 38) . It should be noted, however, that results obtained using immunohistochemistry are dependent on the quality of antibodies and should ultimately be confirmed at the messenger RNA level.
Histopathology of mammary tumours initiated by a de-regulated Hh pathway Transgenic mouse models and an in vitro RNAi screen have been used to address the physiological consequences of modulated Hh signalling in the mammary gland.
An indication that Hh components are involved in breast carcinogenesis comes from transgenic expression studies of Smo and Gli2. Constitutively, active human SMO (SmoM2) in the mammary epithelium as well as over-expression of Gli2 in mammosphere (MS) initiating cells transplanted into immunosuppressed female mice both resulted in ductal hyperplasia (39, 40) . Further evidence was provided by a genome-wide RNAi screen, which demonstrated that GLI2 is necessary for the growth of breast cancer cell lines (41) . Breast cancer cell lines, which also show elevated SHH, DHH and GLI1 protein expression undergo apoptosis upon cyclopamine treatment. (30, 38) . The mechanism of action of cyclopamine and CUR0199691 (Smo inhibitor), however, remains questionable, since these compounds can also inhibit growth of breast cancer cell lines with undetectable SMO expression (42) .
A mouse model over-expressing human GLI1 in mouse mammary epithelial cells was the first Hh pathway mouse model to develop tumours (43,44) (M.Fiaschi, B.Rozell, Å .Bergström, R.Toftgård, in press in Cancer Research). The phenotype of these mice included an inability to lactate, accompanied by a reduction in the size and complexity of the lobuloalveolar network and incomplete differentiation of the secretory epithelium. In parallel with these changes, the tumours exhibited a basal or luminal/basal epithelial phenotype. Morphologically, these tumours are classified as ductal adenocarcinomas, solid tumours and squamous carcinomas. In terms of expression patterns, these tumours predominantly exhibited a basal keratin expression profile, are positive for vimentin, but show no Sma expression. Of note, the early GLI1-induced hyperplastic changes show Sma expression confirming their basal nature. In the later stages, loss of Sma coincides with the destruction of the basal membrane and loss of EMT is a change in the cellular morphology and physiology, which is characterized by the down-regulation of epithelial specific gene expression like cytokeratins and up-regulation of mesenchymal markers like vimentin. Additionally, the expression of several cellcell adhesion molecules, such as E-cadherin, is down-regulated, enabling cells to escape the structural constraints of the tissue. EMT is considered an important step in the transformation process from normal cells into malignant tumour cells (reviewed in ref. 45 ). Nevertheless, although the GLI1-induced proliferations exhibited the molecular markers of EMT, no morphological signs of this process were noted. This suggests that GLI1 over-expression prepares cells for EMT but is not sufficient to complete the process (M.Fiaschi, B.Rozell, Å .Bergström, R.Toftgård, submitted).
Potential mechanisms of Hh pathway contribution in breast cancer development
The experimental data described above show that de-regulation of the Hh pathway can act as an initiating event for mammary tumour development or occur as a secondary event following other tumourinitiating genetic alterations. Below, we will discuss two possible scenarios of how Hh signalling could contribute to breast cancer, through: (i) de-regulating the stem cell compartment and (ii) modulating the epithelial-stromal interaction of normal and transformed epithelial cells. Further, we will discuss and summarize potential mechanisms on the molecular level, which could lead to the Hh pathway de-regulation and therefore breast cancer promotion.
Regulation of the epithelial compartment and mammary stem cells
The mammary epithelium is a heterogeneous population of cells, which form a complex tubuloalveolar structure. During each pregnancy-lactation cycle, the mammary epithelium undergoes proliferation and differentiation, followed by apoptosis during the involution process (46) . The proliferative capabilities of the mammary epithelium, required for every pregnancy and lactation cycle, are fulfilled by a mammary stem cell population. Adult stem cells are longlived, relatively undifferentiated cells, which maintain a tissue throughout life and are therefore vulnerable to accumulating mutations over time. These multi-potent and self-renewing cells thus serve as a likely target for cancer formation (47) . While not fully characterized, electron microscopy studies have revealed a rare population of small, undifferentiated electro-lucent cells in basal and suprabasal layers, which are thought to represent mammary stem cells (48, 49) . The use of defined cell surface and biochemical markers and ex vivo culturing methods has enabled the sorting and functional characterization of different mammary epithelial cell populations, with different lineage reconstitution Hh signalling in breast cancer capabilities in human and mouse mammary glands (50) (51) (52) (53) (54) (55) (56) . The ability to form clonal colonies-so-called mammospheres ('MSs')-under anchorage independent growth conditions has also been used to functionally isolate mammary stem cells (57) . MSs are typically enriched in the cells able to renew and reconstitute mammary gland epithelial components. This assay can only be used as an indirect readout of changes in stem cell activity and not as a direct measurement for stem cell frequency, since MS can also be formed by lineage restricted luminal or myoepithelial progenitors (58) .
Hh signalling is known to regulate the self-renewal of stem cells in the nervous system and human embryonic skin (59, 60) . It is therefore not surprising to find that PTCH1, GLI1 and GLI2 are expressed in MSs derived from normal human breast tissue. In concordance, activation of the Hh pathway, by adding SHH protein or over-expressing GLI1, GLI2 or SmoM2, results in increased MS formation (40) . Conversely, inhibiting the Hh pathway with cyclopamine was reported to decrease MS formation efficiency of human mammary cells (39) . GANT61-a potent small molecule GLI inhibitor (61)-also has a negative effect on MS formation in mouse epithelial cells (M.Kasper and R.Toftgård, unpublished data).
Unlike GLI2-transduced human MSs, the mammary reconstitution ability of cells derived from SmoM2-expressing mouse MSs was reduced compared with wild-type cells (39) . From this, we can postulate that ectopic Hh signalling might increase the proliferation capabilities of mouse mammary progenitors rather than enlarge the multi-potent stem cell pool, thereby contributing to mammary cancer formation (40) . In line with this data, Ptch1þ/À mice show an expansion of mammary gland progenitor cells (CD29 low CD24 þ lin À ), whereas the stem cell fraction (CD29 high CD24 þ lin À ) was reduced, resulting in an overall enhancement of proliferation. These results indicate that activation of Hh signalling causes a quiescence defect in the mammary stem cell-enriched fraction, altering the stem and progenitor cell balance. This proliferative effect is mediated by Ihh-expressed in progenitor cells-in an autocrine and paracrine manner. Moreover, pregnant Ptch1þ/À dams show an increased progenitor population, whereas the stem cell fraction is constant, suggesting that Hh signalling plays a particular role in pregnancy-associated mammary gland expansion (62) .
Like normal tissues, malignant tumours are thought to contain stem cell-like or, so-called cancer stem cells (CSCs), which maintain the cancer tissue and are able to reinitiate the tumour if transplanted to a receptive host. CSCs can be isolated from tumours of various organs including breast (63, 64) . The identification and characterization of breast CSCs may significantly improve breast cancer diagnosis and provide better patient-specific treatment (65) . A case in point are the instances of human breast cancer where elevated numbers of cells expressing the stem cell marker ALDH1 correlate with poor prognosis (56) . Surface marked CD44þCD24 À/low lin À cells, isolated from primary human breast cancer, represent CSCs, which when analysed, are capable of self-renewing and at the same time giving rise to 'differentiated' non-tumourigenic bulk tumour cells (Figure 3) . The Hh pathway likely plays a role in CSCs, such as the CD44þCD24 À/low lin À breast cells having increased messenger RNA expression levels of PTCH1, GLI1 and GLI2 compared with the bulk of tumour cells (39, 66) .
Further evidence that Hh signalling may target the SC compartment comes from mice ectopically expressing GLI1 in the mammary epithelium, giving rise to three different types of tumours in the same mammary gland. This indicates that the oncogenic effect of GLI1 targets early progenitors or stem cells, which later develop into multiple tumour types (M.Fiaschi, B.Rozell, Å .Bergström, R.Toftgård, submitted). The amount of cells expressing cytokeratin 6 (K6), a marker of primitive progenitor cells in the mammary gland (67, 68) , is also significantly increased in GLI1-induced early basaloid lesions (M.Fiaschi, B.Rozell, Å .Bergström, R.Toftgård, submitted). These cells are negative for differentiation markers, supporting their progenitor cell nature. Interestingly, ectopic Wnt-1 expression in mouse mammary glands (MMTV/Wnt-1) results in the expansion of K6-positive cells and the formation of morphologically diverse tumours. Since this phenotype is similar to the GLI1 mouse model, this suggests that there is a common target cell population for both the Wnt and the Hh signalling pathway (69) .
Modulation of the epithelial-mesenchymal interaction
Breast cancers do not only consist of epithelial tumour cells but also endothelial cells, forming intratumoural blood vessels, fibroblasts, infiltrating lymphocytes and macrophages (70) . Together, these cells are referred to as the tumour stroma (Figure 2 ). It is clear that the tumour stroma plays an active role in mammary cancer progression and maintenance and can modulate the growth properties and response of mammary tumour cells to chemotherapy. It has also been shown that during the transformation process of normal mammary epithelial cells into tumour cells, stromal cells must be recruited, underlining the active participation of mammary gland stroma in breast cancer formation (71) (72) (73) (74) .
Hh signalling plays an important part in the communication between epithelial and stromal compartments of different tissues. For example, during human prostate development, SHH expression and consequently its target genes, PTCH1 and GLI1, are localized to the tip of the elongating tubules and in the surrounding stroma (75) . The same expression pattern is seen in the growing hair follicles, where Shh is expressed by the keratinocytes, and Ptch1 and Gli1 can be detected in keratinocytes and in the surrounding stroma (76,77). (26, 40) . PGs actively express Ihh, Smo, Ptch1, Gli1 and Gli2 (62) . Differentiation requires subsequent down-regulation of the Hh pathway activity, since over-expression of GLI1 counteracts mammary gland epithelial cell differentiation. The cell surface markers characterizing the SC and PG compartments are indicated. TA, transit-amplifying cells.
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During pre-pregnancy mouse mammary gland development, Ihh is expressed in the terminal end buds and in the ductal epithelium. While Ptch1 is expressed in both the epithelium and the stroma, Gli2 is expressed only in the fat pad and the periductal stroma. During pregnancy, however, Gli2 is also expressed in the lobuloalveolar epithelium and in the epithelium of the smaller ducts. Mouse mammary glands, deficient in Gli2, thus exhibit various abnormalities including abnormal branching and ductal growth. The Gli2-deficient mammary explants also have a severely reduced periductal stroma, suggesting that the defects observed can be at least partly attributed to a deregulated interplay between the mammary epithelium and periductal mesenchyme. Indeed, the abnormalities in mammary structure formation were largely rescued upon transplantation of Gli2-deficient epithelium into wild-type stroma, reinforcing the need for an intact Hh pathway, particularly functioning in the mesenchyme for coordinated mammary gland development (78) . Moreover, when GLI1 is overexpressed in the mammary epithelium, an unusually dense layer of fibroblastic stroma is detected around the mammary ducts (44) . This shows clearly that Hh signalling is necessary for coordinating epithelial-mesenchymal interactions. Interestingly, the primary role of Gli3 is to repress Hh signalling in the stroma during mammary gland formation, since loss of Gli3 expression induces Gli1 expression in the mammary mesenchymal compartment (79) .
There are several indications that, similarly to normal tissues, also in tumours Hh ligands originate mainly from the epithelial compartment while both epithelium and stroma respond to the signal (80) . In cells and tissue samples derived from benign and malignant human mammary tumours, the expression of GLI1 and GLI2 is considerably higher in fibroblasts than in epithelial cells. The epithelial cells express SHH and DHH at higher levels than fibroblasts, suggesting that the Hh ligands are produced by epithelial cells and activate the Hh pathway not only in the neighbouring epithelium but also in the stroma. Upon activation, the stroma provides feedback in the form of yet unidentified factors (38) . Consistent with this view, observations in gastric adenocarcinomas and in prostate cancers show that SHH is expressed in the tumour tissue but PTCH1 and GLI1 are expressed both in the tumour tissue and the stroma (81, 82) . Until now, it has been believed that the main role of Hh signalling in cancer progression is cell-autonomous stimulation of the pathway in the Hhexpressing epithelial cells. In contrast, a recent study suggests that rather the Hh signal response in the stroma is the main determinant of tumour growth underlining the importance of stromal response in tumour progression (83) .
Potential molecular mechanisms of Hh signalling in breast cancer
We have thus far touched upon the fact that Hh signalling modulates the stem cell compartment and the epithelial-mesenchymal interactions. Here, we will discuss in greater molecular detail how this may occur (Figure 4) . The Hh pathway could play a major role in tumour initiation and formation via regulating cell proliferation and survival, regulating the expression of stem cell-related genes and preparing the tumour cells for the EMT. In parallel, Hh signalling can contribute to breast cancer formation by interaction with other main signalling pathways and pro-oncogenic factors. In addition, genetic events within pathways upstream of Gli transcription factors and changes in the local microenvironment can contribute to the activation of the Hh pathway.
Hh target genes. Certain target genes of the Hh pathway, including Ccnd1, Bcl-2 and members of the Myc gene family (9), affect cell proliferation and survival. Consistently, the early proliferative lesions in mammary glands induced by GLI1 contain cells expressing high levels of Ccnd1 (M.Fiaschi, B.Rozell, Å .Bergström, R.Toftgård, submitted). Also the expression of the pro-survival protein BCL-2 is commonly up-regulated in a variety of tumours including human breast cancers (84, 85) . Moreover, elevated expression or activity of FOXM1-a hedgehog target gene, which is itself a transcription factor-is associated with the development and progression of breast cancer (86, 87) . FOXM1 regulates the expression of cell cycle-related genes essential for coordinated DNA synthesis and mitosis. Its inhibition causes disruption of mitosis and cell death in breast cancer cells making it a promising new potential target for breast cancer treatment (88, 89) .
Interaction with other pathways. Hh signalling may modulate the tumourigenic behaviour of mammary cells in co-operation with other signalling pathways like epidermal growth factor receptor (EGFR) or Notch. For example, transcription of CCND1 and JAG2 (a Notch ligand) is up-regulated as a response to Hh pathway activation in human epithelial cells, which is potentiated due to synergism with active EGFR signalling directed through mitogen-activated protein kinase kinase/extracellular regulated kinase (MEK/ERK) (90) . In concordance, a substantial number of breast cancers show increased EGFR expression; nevertheless, a correlation to the clinical outcome cannot yet be made (91) . In addition, two recent studies show a correlation of basal-like breast cancer subtypes with EGFR positivity. Comparative genomic hybridization of human breast cancer samples revealed a significant gain in DNA copy number of EGFR in triple negative tumours (92) and protein array analysis of 30 breast cancer cell lines showed that cell lines defined as basal like have high levels of EGFR protein and phosphorylated ERK1/2 (93). There is no evidence so far connecting the HER2 expression, which is a prognostic marker for non-favourable clinical outcome of breast cancer, with the Hh pathway. Of note, basallike tumours are mostly negative for HER2 (94) .
Analysis of the Notch pathway provides another perspective on basal-like and luminal tumours and cell fate. Bouras et al. (95) recently found the Notch pathway to be important for the expansion of luminal progenitor cells (CD29 low CD24 þ CD61 þ lin À ). As expected, over-expression of human NICD1-a cleaved (active) form of the Notch1 receptor-in luminal progenitor cells leads to formation of hyperplastic nodules and tumours in the mouse mammary gland. The expression pattern of the NCID1-derived luminal tumours is the opposite when compared with the GLI1 or Wnt-1 basal-like induced tumours. Intriguingly, over-expression of NICD1 in the mammary stem cell-enriched population (CD29 hi CD24 þ lin À ), which contains the basal epithelial cells, also results in the development of luminal tumours. At this point, one can speculate that inappropriate activation of Notch signalling in the basal epithelial compartment directs the fate of the tumour into the luminal subtype. Whether a developing tumour Hh signalling contributes to breast tumourigenesis via its positive effects on proliferation, survival, self-renewal and EMT. These processes involve the activation of tumour promoting genes (red) and the down-regulation of genes with tumour suppressor functions (green). Some factors selectively enhance the expression of Hh target genes (brown).
Hh signalling in breast cancer finally acquires a basal or luminal fate is likely dependent on the balance between the different oncogenic signals and pathways directing the fate from initially basal like into luminal tumours. Consequently, the frequent activation of the Notch pathway in breast tumours is consistent with high prevalence of the luminal subtype of breast cancers. Moreover, the ability of active Notch signalling to sustain progenitor self-renewal and expansion could explain the presence of luminal breast tumours with an unfavourable prognosis.
Both, activated Wnt and Hh signalling in mouse mammary epithelium, lead to tumours with similar basal-like characteristics as discussed previously, and thus, both pathways are believed to target mammary stem cells or early progenitors (69) . Hence, one would expect these pathways to synergize in breast cancer formation. Surprisingly, no direct molecular link has been found yet connecting these pathways during mammary cancer development. On the contrary, a gene activated as a response to Hh signalling, SFRP1-a secreted frizzled-related protein counteracting Wnt pathway activation (96, 97) -is associated with poor prognosis in human breast carcinomas (98) . Interestingly, the expression of SFRP1 and the related SFRP2 and SFRP5 is silenced by promoter methylation in breast cancer and breast cancer cell lines (99) (100) (101) (102) (103) (104) . It can be speculated that overall the genes regulated by Hh signalling support cancer growth, but simultaneous epigenetic silencing of selected target genes is crucial to allow cancer progression.
EMT. Ectopic expression of GLI1 in the mouse mammary gland causes elevated expression of the transcription factor Snail and concomitant loss of E-cadherin-processes characteristic for EMT (44) . Corroborating evidence includes the up-regulation of Snail in basal cell carcinomas and the induction of Snail expression by Gli1 (105, 106) . Snail expression is in fact necessary for the repression of E-cadherin, thus promoting EMT (107) . It has been suggested that the expression of FOXC2-involved in EMT and the metastatic phenotype of the basal-like breast cancers-can be modulated by Hh signalling in an indirect way presumably via Snail (108, 109) . Moreover, the majority of invasive ductal and lobular breast carcinomas have lost both, E-cadherin and membranous b-catenin expression (110, 111) . Possibly, the down-regulation of E-cadherin by Hh signalling promotes the release of b-catenin-bound to a membranous complex involving E-cadherin-and thus activates Wnt signalling.
Stem cells. Hh signalling leads to an increased expression of Bmi-1 in isolated mammary epithelial stem cells and CSCs (39) . Bmi-1 is a transcriptional repressor belonging to the polycomb gene family and its suppressor functions are involved in maintaining neuronal, haematopoietic and mammary gland stem cells (39, 112, 113) . In concordance, the GLI1-induced mammary tumours also show increased Bmi-1 expression (M.Fiaschi, B.Rozell, Å .Bergström, R.Toftgård, submitted). Over-expression of BMI-1 induces telomerase activity and can immortalize normal human mammary cells (114) . It should be noted that Bmi-1 is also up-regulated in the CD133þ glioma initiating cells, underlining its universal role in supporting both normal and CSC maintenance (115, 116) .
Indirect activation of Hh signalling. In addition to genetic events directly affecting Hh pathway components, the activation of Hh signalling in breast tumours can occur also as a secondary event due to alterations in other pathways or as a response to changes in the metabolic state of cells. For example, loss of the adaptor protein Numb is a common event in breast carcinomas (117) . Numb is involved in cell fate determination, though the exact mechanism of action is not clear. The Numb protein interacts with various ubiquitin ligases including Itch, which is able to polyubiquitinate Gli1 and directs the latter to degradation and thus helps to control the activity status of the Hh pathway (118) . Loss of Numb also results in the activation of the Notch pathway and the degradation of the tumour suppressor protein p53. Numb normally inhibits the activity of the main p53 E3 ubiquitin ligase Mdm2 and thereby stabilizes p53 (119) . The loss of wild-type p53 activity resulting from Numb deletion is thus even more dramatic since the concomitant activation of Hh signalling can increase the expression of Mdm2, resulting in complete loss of p53 function (120) . Since it has been suggested that transcription of Bmi-1 is also positively regulated by Notch signalling, the simultaneous activation of both Hh and Notch pathways can result in hyperactivation of Bmi-1 (121) . Furthermore, it has been suggested that the Hh and Notch pathways might form a positive feedback loop both in normal mammary development and tumour formation (122) . Of note, also Wnt's oncogenic action during transformation of normal human mammary epithelial cells is dependent on an active Notch pathway (69, 123) .
Hypoxia, often occurring in the malignant tumour environment, induces EMT and neovasculogenesis via hypoxia-inducible factors HIF1 or HIF2. This is accompanied by Twist up-regulation, which is a major determinant in the down-regulation of E-cadherin in breast cancer (124, 125) . Finally, Twist can activate GLI1 transcription integrating environmental hypoxia with Hh signalling (126, 127) .
Clinical implications of Hh signalling in breast cancer
Despite lack of conclusive data regarding the biological significance of Hh signalling in human breast cancer maintenance, progression and metastasis, it is relevant to consider possible effects of Hh pathway inhibitors in breast cancer treatment. Hh signalling inhibitors are of potential interest as part of a combinatorial cancer therapy by (i) counteracting multi-drug resistance and CSC maintenance, (ii) inhibiting other tumour-promoting and maintenance signals and/or pathways and (iii) disrupting the growth-supporting interaction with the tumour stroma.
The conventional non-targeted chemotherapies such as anthracycline and taxane-derived drugs mainly target rapidly dividing cells due to their cytotoxic effect (for a detailed review see ref. 128 ). The resistance of a subset of cancer cells, presumably CSCs, is attributed to their slow-cycling nature and/or multi-drug resistance by modulation of the drug transport activity (reviewed in ref. 129) . Increased drug efflux is commonly mediated by members of the adenosine triphosphate-binding cassette transporter family, some of which are known to be induced by SHH. Conversely, the inhibition of Hh signalling increases the response of cancer cell lines to classical chemotherapeutic treatments (130). Today's breast cancer therapies are when possible a combination of cytostatic and targeted drugs. For example, luminal tumours can be treated on the basis of their frequent ER or HER2 positivity. In contrast, the basal-like breast carcinomas, having similarities to those induced by ectopic Hh signalling in animal experiments, have a poor prognosis due to a high metastasis rate and lack of effective therapeutic agents (131) .
The main current targeted breast cancer therapies inhibit HER2 (Trastuzumab) or ER (Tamoxifen). Unfortunately, the majority of basal-like tumours are negative for HER2 and ER, though recently reported often EGFR positive (93) . Therefore, an interesting future strategy could be treatment with a combination of EGFR and Hh/Gli inhibitors.
Experiments in mice and early phase clinical trials have already shown that the inhibition of Hh signalling at the receptor level can counteract skin cancer and metastasis formation (132, 133) . There are several small molecule compounds with therapeutic potential under development, which can inhibit the Hh pathway at different levels [for a detailed review see ref . 134] . For instance, inhibition of Hh signalling using HhAntag targeting Smo in medulloblastomas developing in Ptchþ/Àp53À/À mice decreased cell proliferation, increased cell death and resulted in eradication of the tumour (135) . Experiments using a human glioma xenograft model show that Hh signalling can regulate the self-renewal capabilities of the CSC population as indicated by the response to cyclopamine and SMO-small hairpin RNA (shRNA). Moreover, in this study the inhibition of Hh signalling potentiated the anti-proliferative effect of conventional chemotherapy (116) . Importantly, the inhibition of Hh signalling (by cyclopamine or SMO-shRNA) in human melanoma xenografts not only reduced proliferation and prevented recurrence but also prevented melanoma cells injected into the tail vein from metastasizing to the lung (136) . Similar tumour growth prevention was obtained in xenografts of a human prostate carcinoma cell line using GANT-61, which blocks GLImediated transcription of Hh target genes (61) . Hh pathway inhibitors possibly potentiate the effect of cytostatic drugs by down-regulation of pro-survival genes such as CCND1 and BCL-2. In addition, Hh inhibitors may reduce formation of metastases, since metastasizing human prostate cancers show higher GLI1 and PTCH1 messenger RNA levels compared with non-metastatic tumours (137) .
The initial concept of cell-autonomous Hh signalling in epithelial cancer cells as the driving force for tumour formation has recently been challenged. Yauch et al. (83) showed that Hh proteins are secreted to activate the pathway in non-malignant stroma cells. Intriguingly, specific inhibition of Hh signalling using HhAntag or genetic deletion of Smo in the mouse stroma resulted in growth inhibition in xenograft tumour models. Moreover, elevated expression of GLI1 and PTCH1 has been detected in the surrounding stroma of human esophageal and prostate tumours (81, 138) and ectopic SHH expression in prostate tumour cells in xenografts induced Ptch1 and Gli1 expression in the surrounding stroma associated with increased tumour proliferation (81) . Hence, Hh inhibitors are likely to disrupt the communication between tumour cells and their microenvironment, a process reminiscent of the normal developmental role of Hh signalling in the mammary gland. However, Nolan-Stevaux et al. (139) showed that although the presence of Smo in epithelial cells in a mouse model of pancreatic cancer was dispensable for tumour development, Gli1 was nonetheless expressed at elevated levels in tumour cells and contributed to tumour cell proliferation. The potential involvement of both autocrine and paracrine Hh signalling in tumour formation argues in favour for evaluation of inhibition of this pathway in the development of new breast cancer therapies.
Concluding remarks
The data linking Hh signalling with mammary cancer are increasing but still limited. We can, however, conclude that up-regulation of Hh signalling is able to cause mammary cancer in a mouse model and many human tumour samples show de-regulated Hh signalling. Although, postulating the involvement of this pathway in human breast cancer initiation is still preliminary, the prior established roles in stem cell maintenance and coordination of epithelial-mesenchymal interactions imply that the Hh pathway is potentially a useful target in a complex multi-target breast cancer therapy. Modulating its activity may affect key aspects of cancer progression such as stem cell maintenance, signalling between epithelium and stroma, and EMT.
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